Background. Activated transfected killer (ATAK) cells are immortal phagocytes transfected with a luminescence reporter that effectively treat lethal infections in neutropenic mice. Their in vivo trafficking, lifespan, and immunogenicity are unknown.
Duration of neutropenia is one predictor of survival for neutropenic patients with bacterial and fungal infections [1] [2] [3] . Therefore, exogenous replacement of phagocytes is a promising means to treat such infections by shortening the duration of neutropenia [4] . Unfortunately, although neutrophil transfusions have shown promising results [5, 6] , daunting technical difficulties have prevented their general availability. For example, harvesting sufficient neutrophils to mediate a protective effect ($1 3 10 11 neutrophils/day in infected patients) [7] [8] [9] is difficult to achieve [4, 10] . In addition, ex vivo neutrophils undergo rapid apoptosis and very quickly lose their ability to chemotax to and kill microorganisms [10] . This loss of microbicidal activity is particularly severe for killing fungal pathogens, such as Candida, compared with smaller bacterial organisms [11] . Therefore, despite promising results of neutrophil transfusion at major transplant centers [12] , they remain experimental after .50 years of study.
Activated transfected killer (ATAK) cells have been developed as a technology to enhance feasibility and general availability of neutrophil transfusions [13] [14] [15] . ATAK cells are based on activation and differentiation of HL-60 myeloid cell line cells toward mature neutrophils. When differentiated, the cells kill microbes at 25%-50% of the efficiency as freshly harvested neutrophils [13, 14] . ATAK cells have been transfected with an inducible suicide trap to enable their in vivo purging when the host immune system recovers from chemotherapy, thereby preventing engraftment of the allogeneic cells. The cells have also been transfected with a luminescence reporter system to enable real-time monitoring of the cell fate in vivo in treated hosts. ATAK cells have been previously shown to improve the survival of infected, neutropenic mice and to result in enhanced clearance of microbes from tissues in infected neutropenic mice [13] [14] [15] .
The presence of the luminescence reporter and unique, cellspecific genetic signatures enabled precise monitoring of ATAK cell location and duration of viability in vivo. The current study was conducted to define the extent of tissue accumulation of these professional phagocytes in mice infected intravenously with a yeast (Candida albicans) or archetypal gram-positive (Staphylococcus aureus) or gram-negative (Acinetobacter baumannii) bacterial pathogens, or through inhalation with a mold (Aspergillus fumigatus), and to define the immunogenicity and lifespan of ATAK cells in vivo after treatment.
MATERIALS AND METHODS

Cells and Culture
HL-60 cells (American Type Culture Collection) were cultured and activated as described elsewhere [13, 14] . In brief, cells were activated for 3 days by incubation in the presence of 1.3% (v/v) dimethyl sulfoxide (DMSO) and 2.5 lM retinoic acid (RA). For harvesting, cells were centrifuged at 250g, washed in phosphatebuffered saline (PBS), and resuspended at the appropriate concentration. In some experiments, HL-60 cells were irradiated with 2000 6 300 rads of gamma rays by exposure to cesium chloride (Cs-137; JL Shepherd & Associates irradiator Model 143-45) in the blood bank at Harbor-University of California Los Angeles (UCLA) Medical Center, as described elsewhere [14, 15] .
C. albicans SC5314 [13, 16] , a well-characterized clinical isolate that is highly virulent in animal models, was serially passaged 3 times in yeast peptone dextrose broth (Difco) and washed twice with PBS. S. aureus LAC (USA300) is a highly virulent, community-acquired, methicillin-resistant strain that is virulent in animal models [17, 18] . A. baumannii HUMC1 is a clinical bloodstream isolate from a patient with bacteremic ventilatorassociated pneumonia that is carbapenem resistant. S. aureus was grown overnight in tryptic soy broth and A. baumannii in Lysogeny broth, both at 37°C with shaking. Bacteria were passaged to mid-log growth and rinsed in PBS, and final inocula for infection were prepared in PBS. Inocula of A. fumigatus AF293 (a generous gift of P. Magee) were prepared by growth on Sabouraud dextrose agar plates for 2 weeks at 37°C. Conidia were collected by flooding the plates with sterile PBS containing 0.2% (vol/vol) Tween 80. Infectious inocula were prepared by counting in a hemacytometer.
In Vivo and Ex Vivo Experiments
Male Balb/c mice (18-20 g ) were obtained from Jackson Laboratories. Mice were made neutropenic by a single intraperitoneal injection of cyclophosphamide (230 mg/kg), resulting in 7 days of neutropenia, as described elsewhere [13, 14, 19] . For the aspergillosis model, a second dose of cyclophosphamide was administered on day 3 after infection. In addition, for the aspergillosis model, cortisone acetate (250 mg/kg; Sigma-Aldrich) was given by subcutaneous injection with both doses of cyclophosphamide. For the aspergillosis model, mice were treated daily with 5 mg in 0.2 mL ceftazidime subcutaneously to prevent bacterial superinfection. Mice were infected via the tail vein with 0.2 mL PBS containing blastoconidia of C. albicans (10 4 inoculum), S. aureus (10 5 inoculum), or
A. baumannii (10 5 inoculum) 32 hours after cyclophosphamide injection, as described elsewhere [16] . The inhalational model of aspergillosis was used as described elsewhere [20, 21] . In brief, mice in the aerosolization chamber were exposed for 1 hour to A. fumigatus AF293 conidia aerosolized with a small-particle nebulizer (Hudson Micro Mist; Hudson RCI). Immediately after exposure, 3 mice were euthanized and lungs were homogenized and quantitatively cultured to confirm the infectious inoculum. After activation of HL-60 cells for 3 days in DMSO/RA, infected neutropenic mice were treated with 1.5 3 10 7 ATAK cells (7.5 3 10 8 cells/kg) or placebo in 0.25 mL PBS, administered intraperitoneally 1 hour after infection. Whole mouse imaging was performed using an In Vitro Imaging System (IVIS; Caliper Life Sciences). For each time point, mice were treated with 3.5 mg/kg coelenterazine in 5% ethanol/PBS administered intraperitoneally. Two hours later, the mice were anesthetized using inhaled isofluorane, and luminescence was measured using the IVIS system. Several mice per group at each time point were euthanized so that organs could be harvested for analysis by IVIS. Because absolute IVIS photon counts vary based on the gain of input signal for each measurement, daily measurements were normalized to control (saline-injected) mice. All procedures involving mice were approved by the Los Angeles Biomedical Research Institute Animal Care and Use Committee, following the National Institutes of Health guidelines for animal housing and care.
Reverse Transcription-Polymerase Chain Reaction
Total RNA was prepared from mice whole tissue with an RNA isolation kit (Ambion). The RNA was reverse transcribed with oligo(dT) primer using the SuperScript First-Strand Synthesis System (Invitrogen) to generate first-strand cDNA. The products were used in polymerase chain reaction (PCR) to detect the expression of thymidine kinase (TK) and glyceraldehyde-3-phosphate dehydrogenase (G3PDH). The sequences of the PCR primers are as follows: 5#-CATGCCTTATGCCGTGAC-3# and 5#-TCCAGGATAAAGACGTGC-3# for 597bp TK and 5#-AGGTCGGTGTGAACGGATTTG-3# and 5#-CATGTAGG-CCATGAGGTCCAC-3# for mouse 980bp G3PDH. The PCR products were separated on a 1.5% agarose gel containing 0.1 lg/mL ethidium bromide. To generate whole membrane preparations from HL-60 cells, 10 7 cells/mL were lysed by sonication with a protease inhibitor cocktail (Sigma). The lysate was centrifuged at 35 000g for 30 minutes, and the supernatant containing membrane proteins was collected. Enzyme-linked immunosorbent assay (ELISA) was conducted by a modification of our previously described methods [18, 22] . In brief, ELISA plates were coated with 25 lg/mL of HL-60 cell membrane proteins, blocked, and exposed to serial dilutions of mouse serum. Negative control wells received an irrelevant isotype control monoclonal antibody. Goat antimouse secondary antibody conjugated with horseradish peroxidase was added, followed by washing and incubation with o-phenylenediamine to generate a colorometric reaction. The reaction was terminated after 20 minutes with sulfuric acid. The ELISA titer was taken as the reciprocal of the last serum dilution with a positive optical density (OD) reading (ie, .OD of negative control samples 1 [SD 3 2]).
Flow Cytometry
ATAK cells were placed on ice and incubated for 1 hour with immune (from ATAK-exposed mice) or control (from untreated mice) serum samples. The cells were rinsed, fixed with Perm Buffer (BD Pharmingen), and stained with fluorescein isothiocyanate goat antimouse immunoglobin G secondary antibody (Sigma-Aldrich). Cells were quantified using flow cytometry, with gating by size and density. ATAK cells were induced after 3 days of activation in DMSO and RA, as described above. Cells were rinsed and transferred into fresh media (lacking DMSO and RA) and with either serum from Balb/c mice rendered neutropenic but not treated with ATAK cells (control) or from Balb/c mice 1-2 months after the mice had been made neutropenic and treated with ATAK cells (immune serum). At 1 and 24 hours, aliquots were taken from the wells and the cells counted with trypan blue. Percent viability was calculated for each well, and the percent viability of each individual well was normalized to the median viability in the control wells.
Statistics
Comparisons were made using Student t test. P values ,.05 were considered to be statistically significant.
RESULTS
ATAK Cell Organ Accumulation and Lifespan in Uninfected Mice
To determine how long ATAK cells survive in vivo in neutropenic mice, ATAK cells transfected with Renilla luciferase [15] were administered intraperitoneally into neutropenic, uninfected mice. Some mice were treated with ATAK cells that had been irradiated to further inhibit replication, and other mice were treated with nonirradiated ATAK cells [14, 15] . Coelenterazine substrate for luciferase was administered intraperitoneally at serial time points, and the mice were imaged by IVIS (Calipers Life Science). At 6 hours after intraperitoneal treatment of uninfected mice, the majority of the cells remained in the peritoneum, but luminescence signal was already found in the retroperitoneal compartment, indicative of trafficking of the cells out of the peritoneum and into kidneys ( Figure 1A) . By 24 hours after ATAK cell administration (day 1), cells had spread out of the peritoneum and concentrated most heavily in the mesentery around the small bowel ( Figure 1B) . Livers, kidneys, and spleens were also infiltrated by the ATAK cells, reflective of passage from the lymph drainage of the peritoneum into the systemic circulation. Luminescence was not detected in blood, likely because of the low density of circulating cells per volume of blood.
By day 3 after treatment of uninfected mice, cells had infiltrated more significantly into the spleen and also began to spread into the lungs ( Figure 1C) . The diffuse abdominal signal present at 6 hours and day 1, reflecting a reservoir of cells remaining in the peritoneum, had substantially reduced by day 3, as cells continued to egress into systemic circulation. By day 5, cell signal waned, both in whole mouse imaging and individual organ imaging ( Figure 1D ). By day 8, the day after neutrophil recovery begins in this model [13] [14] [15] , there was no detectable signal left in any of the mice or dissected organs ( Figure 1E ). Of note, the organ trafficking of the cells and their decay rate were not altered by low-dose irradiation of the cells (data not shown).
Thus, by luminescence signal, ATAK cells distributed widely into tissues after intraperitoneal administration and signal began to wane dramatically by day 5.
As a second method to confirm the luminescence results, reverse-transcription PCR (RT-PCR) was used to detect mRNA transcript from a sequence uniquely found in ATAK cells and not in the mouse genome. The herpes simplex virus thymidine kinase (HSV TK) sequence contained in the transfected ATAK cells was used. One mouse per time point, treated in parallel with the luminescence experiment, was euthanized and whole body homogenized and had RNA extracted. RT-PCR was conducted in treated mice and in a mouse that had not been treated as a negative control. Strong bands were detected at days 1 and 3 after treatment (Figure 2) . However, by day 5, no mRNA was detected, indicating no active transcription of HSV TK. Again, no difference between irradiated and nonirradiated ATAK cells was found with respect to RT-PCR signal. Thus, the RT-PCR results paralleled the luminescence results.
ATAK Cell Trafficking in Infected Mice
To determine the impact of infection on ATAK cell trafficking, mice were rendered neutropenic and infected with sublethal intravenous inocula of S. aureus, A. baumannii, or C. albicans. In addition, mice were infected via inhalation with A. fumigatus to define ATAK cell trafficking during an infectious model in which the organism was not administered intravenously. Compared with uninfected control mice and mice infected with any other organism, at day 1 after infection, there was enhanced splenic uptake of ATAK cells in mice infected with A. baumannii ( Figure 3 and Table 1 ). In contrast, in mice infected with C. albicans, the primary uptake of ATAK cells was in the kidneys (the primary target organ of C. albicans infection in this model [13, 14, 23, 24] ), even as early as day 1 after infection. Mice infected with C. albicans had lower splenic uptake by day 1 after infection but increased splenic uptake by day 3 after infection (Table 1) . Mice infected with A. fumigatus had similar ATAK cell trafficking as uninfected mice on day 1 after infection.
By day 3 in uninfected control mice, the primary ATAK signal was seen in the heart and mesentery. In contrast, mice infected intravenously with all the organisms had ATAK cell signal in the spleen above the level in uninfected mice. By day 3, kidney signal was highest in mice infected with C. albicans, although S. aureus-infected mice also had high kidney signal. Only mice infected in the lung with A. fumigatus had ATAK signal in the lung above uninfected mouse background. Again, by days 4-5, ATAK signal waned in all organs. However, in mice infected with C. albicans, ATAK signal persisted in the spleen and kidneys through day 5 after infection. Signal was not detectable in any mice by day 8 after infection. Thus, 
Host Immune Response to ATAK Cells
To determine whether neutropenic mice mounted host responses to ATAK cells, both healthy (control) and neutropenic mice had blood samples obtained at baseline and were treated with ATAK cells. Blood samples were serially drawn from individually marked mice after ATAK cell treatment. Nonneutropenic mice experienced a .10-fold increase in anti-ATAK antibodies 2 weeks after treatment (Figure 4) . Neutropenic mice experienced no increase in antibody titers during the period of neutropenia. By day 8 after treatment (the day after neutrophil recovery in the model), paired antibody titers began to increase in the ATAK-treated mice, and they were significantly elevated by day 30 after infection ( Figure 4) . Similarly, after flow cytometry of intact ATAK cells stained with immune versus control serum, anti-ATAK cell antibodies were first detectable on day 8 after infection and had substantially increased in staining intensity by 30 days after infection (Figure 4) .
To determine the in vivo relevance of these anti-ATAK antibodies, mice were again made neutropenic, treated once with ATAK cells, and then allowed to recover from neutropenia. One month later, the mice were made neutropenic again and treated a second time with ATAK cells. Luminescence signal was clearly detectable outside the peritoneum by day 1 after infection ( Figure 5 ). Although such signal remained detectable in most mice by day 3, the signal was 94% lower in mice after repeat administration of ATAK cells than in mice treated with the first dose of ATAK cells (mean 6 SD whole mouse luminescence, 2.6 3 10 6 6 4.5 3 10 6 vs 4.1 3 10 7 6
3.8 3 10 7 ; P 5 .03) ( Figure 5 and Figure 1B) . As previously described, no signal was detectable in mice by day 5 after treatment.
To determine whether immune serum samples had direct impact on cell viability, ATAK cells were cultured in the presence of serum samples from mice that had not been previously exposed to ATAK cells (control serum) or in the presence of serum samples obtained 1-2 months after treatment with ATAK cells (immune serum). No effect on cell viability was seen at 1 hour of incubation; however, immune serum reduced viability of ATAK cells by 50% after 24 hours of incubation ( Figure 6 ).
DISCUSSION
Administration of luminescence-tagged ATAK cells enabled definition of phagocyte trafficking profiles during infection with 4 distinct pathogens in neutropenic mice. As early as 1 day after infection, substantial recruitment to spleen had already occurred in mice infected with A. baumannii or S. aureus. In contrast, ATAK cells preferentially trafficked to the kidney in mice infected with C. albicans and to lungs in mice infected with A. fumigatus The kidneys are the primary target organ of C. albicans in neutropenic mice, and in untreated neutropenic mice, the organism burden in the kidneys increases over the first 3 days after infection [13, 19, 24, 25] . Similarly, the spleen is a primary target organ of S. aureus infection in neutropenic mice [26, 27] . Thus, ATAK cells initially preferentially trafficked to the primary target organs of infecting pathogens. Whether the spread of ATAK cells outside the primary target organs and into other organs during subsequent days reflects clearance of the primary burden of organism from the primary site, replication of organisms in secondary tissues subsequently, or other factors is not yet clear.
The waning of luminescence signal in infected or uninfected mice by days 5-8 was concordant with the loss of active mRNA transcription by the ATAK cells. The disappearance of viable ATAK cells from circulation and from tissue was coincident with marrow recovery and appearance of specific anti-ATAK cell antibodies. Anti-ATAK cell antibodies began to increase by day 4 after infection, had significantly increased by day 8 after infection, and were substantially elevated by 1 month after infection. The peak of the antibody response was blunted in the neutropenic mice compared with healthy mice exposed to ATAK cells. Nevertheless, survival of ATAK cells by day 3 after treatment was substantially reduced after re-exposure of the mice, and the immune serum reduced viability of ATAK cells after 24 hours of culture in vitro. Clearance of the ATAK cells by the host immune system is an additional safety layer to ensure that cells do not permanently engraft, and we have previously found no evidence of engraftment by extensive histopathological evaluation and long-term clinical follow-up [15] . Nevertheless, after re-exposure, ATAK cells persisted and were able to traffic out of the peritoneum by 24 hours after retreatment. Thus, immediate rejection of the ATAK cells did not occur in vitro or in vivo after retreatment.
In the initial set of experiments, more luminescence was seen in the small bowel than in repeat experiments. This luminescence is most likely to the result of residual omentum that remained attached to the small bowel in the initial experiment. Alternatively, because the ATAK cells were administered intraperitoneally, it is possible that microperforation of the small bowel by the administering needle could have seeded the bowel with ATAK cells in the initial but not the follow-up experiment. There was also increased ATAK cell signal in the heart in uninfected mice during the repeat experiment that was not seen during the initial experiment. The reason for this discrepancy is not clear.
In summary, ATAK cells accumulate in infected tissues in response to a diverse group of pathogens, concordant with their functions as a neutrophil surrogate. Luminescent ATAK cells enabled real-time monitoring of phagocyte trafficking to target organs of infection in neutropenic mice. Distinct pathogens induced different organ trafficking profiles for the phagocytes. The potential breadth of responsiveness to other pathogens merits continued investigation to define any possible limitations. After a single treatment, the cells persisted for approximately the duration of neutropenia, before being rejected as the host marrow recovered. Generation of an immune response to the ATAK cells provides an important safety mechanism to help prevent engraftment of the cells in the host. These collective results underscore the need for continued translational development of ATAK technology as a potential future treatment for lifethreatening infections in neutropenic hosts.
